The coherent component of the field scattered at grazing angles from a slightly rough pressure release surface is found. This is valid for multiple scattering and is based upon the parabolic integral equation method. Also examined are the scattering of planes waves under the method and in particular, the effect of truncating the boundary integral. It is shown that the coherent field remains invariant when the source and receiver are displaced vertically by equal and opposite distances, as was found numerically in a previous paper. In general, this can be shown to hold because the coherent field due to any plane wave is specular; however, under the parabolic equation method reflection is not specular, and thus the result is of particular interest. Reflection coefficients are given in closed form for several surface statistics, valid asymptotically at large distances.
INTRODUCTION
One of the main aims of the study of acoustic scattering by rough surfaces is to relate quantities such as the mean or coherent component of the field to the statistics of the surface? -n A common approach to this is to consider the effect on incident plane waves. For a pressure release surface, the Helmholtz equations describe the field as a boundary integral in the normal derivative, which in turn is expressed as the solution of an integral equation. When the incident and scattered wave fidds propagate at small angles to the surface, the full Helmholtz formulation may be replaced by the parabolic equation (PE) method. 5-a In this forward-scattering approximation the Green's function is recast in a paraxial form, and the region of boundary integration is truncated to lie between the vertical planes of a source and the "receiver." In particular, the derivative of the field at the surface is treated as the result of scattering only from the direction of the source plane.
The PE method has proved extremely useful for forward scattering; it is highly efficient computationally and this formulation has allowed accurate inverse scattering solutions 9Jø to be developed. (For the inverse solutions at nongrazing incidence see, e.g., Ref. 11.) Nevertheless in several respects the method is not well understood. In Rcf.
12 it was found numerically that for a Gaussian beam at grazing incidence, scattering under the PE method obeys an image property: The coherent field remains invariant when the source and receiver are displaced vertically by equal distances in opposite directions. Now as is shown below, this is a general property of rough surface scattering, because for arbitrary angles of incidence the coherent reflection of plane waves in specular. However, specular reflection under the PE method cannot easily bc checked and it has remained unclear why the method should preserve this invariance.
In this paper we obtain the coherent scattered field at low grazing angles, and examine the scattering of pianes waves under the parabolic equation method. In particular, we describe the effect of boundary truncation in the method on plane waves; we obtain the corresponding coherent component and show that it is not specular. This is applied to a full incident field, and is used to show that the coherent field obeys the image invariance property. This is an important test of the method, in view of the nonspecular reflection of plane waves. The expressions obtained are valid for multiple scattering from slightly rough surfaces and depend upon the autocorrelation function of the surface and its derivative. At large horizontal distances from the origin, however, specular reflection is recovered. Effective reflection coefficients for plane waves are then given, and in several cases are expressed in closed form. This calculation also provides a convenient measure of the dependence of accuracy of the PE method upon incident angle.
The results are obtained as follows: The scattered field is found along a plane close to the surface by an expansion in terms of the vertical derivative of the field at the surface. This derivative is solved using the governing integral equatiori hnder certain approximations, and further manipulation yields tractable expressions which can easily be averaged.
I. PARABOLIC EQUATION METHOD
We consider the problem of a scalar time-harmonic wave field p scattered from a one-dimensional rough surface h(x), with a pressure release boundary condition. (For electromagnetic waves this corresponds to s or TE polarization, and perfect conductivity.) The wave field propagates with wave number k, and will be assumed to be incident and scattered at small grazing angles with respect to the surface. The field is governed by the wave equation 
which holds provided the angles of incidence and scattering are fairly small.
II. COHERENT FIELD AND IMAGE PROPERTY
In this section we will examine the parabolic equation method, first showing the characteristics of scattered plane waves, and then finding the coherent field for multiple scattering at grazing incidence. We first discuss the scattering of plane waves from a rough surface in general, and the specular description of the mean field due to an arbitrary source.
A. Specular reflection for arbitrary angles of incidence
In general, provided the rough surface is statistically stationary, the coherent scattered field due to an incident plane wave is again a plane wave. This is well known (e.g., DeSanto and Brown•), but it is useful to demonstrate it briefly here. The invariance which we require follows immediately from this.
Suppose 
where R•,,(z)=(Pscat(O,z)). Thus (p•t(x,z)) is a plane
wave as a function ofx along any z plane. Now, away from the surface the coherent field is governed by the wave equation. Therefore x _ R e ikxx-ik'2
•Pscat (X,Z) / --kx , We now examine the scattering of plane waves under the parabolic equations set out in Sec. I. The coherent component will be obtained, and from this will be found the coherent field due to an arbitrary forward-going source.
The significance of plane-wave scattering in the PE method is to some extent formal rather than physical, since plane waves violate the assumption of restricted surface illumination. However, the results yield insight into the effect of boundary truncation and provide a tractable route to the calculation of the full coherent field.
In order to proceed we find the field along a plane, as follows: We assume slight roughness so that there is a plane at gl close to every point on the surface h(x). By expanding tp• to second order in (Zl-h) about h(x), we write tp• in terms of functions including dtp/dz. The plane wave contributions to &b/dz are found by applying a nonlocal approximation to Eq. (1). Note that, since the expansion of tp s is in functions which themselves depend on h, the h dependence of each term is not restricted to its coefficient. The results will be obtained to second order in h, 
i.e., to 0(o2). Since z• is of order a, we may neglect terms such as h2Zl and h•. Consider the slowly varying part •bi=pe -ikx of an incident field p which obeys the parabolic equation (4). We may assume that this field can be written as a distribution of plane-wave components lPi(x,z)= A(O)•biø(x,z) dO,
For fixed wave number k this holds at low grazing angles and for moderate surface roughness, but of course is not uniform in k. Along the surface h(x) the component (9) We also wish to show that the PE method obeys the image property. As we have discussed in Sec. II A, this follows immediately if the mean reflection due to plane waves is specular. The preceding comments make clear that this holds at low grazing angles, and at all other angles in the limit of large x. This is the case despite the above phase error (38).
Some remarks should be made concerning the relationship between the component tb•ø(x,z) at z=zl and at z=0. First, we were able to set zi to zero in (33) because the only zi-dependent terms remaining after averaging must be negligible or deterministic, and in the latter case this step is clearly valid. Thus the coherent field could have been obtained by setting zi = 0 from the start. However, for zi chosen above all points on the surface the (unaveraged) scattered field has a straightforward physical interpreta- 
